This paper presents some aspects of the time propagation of underground water leakage in controlled laboratory conditions using a drilled polyvinyl chloride (PVC) pipe and interpreting ground penetrating radar (GPR) images. GPR pre-processed images are interpreted for easy identification and extraction of surfaces and volumes of water leakage. Finally, the temporal evolution of a water leak is shown using 3D models based on interpretation of GPR images. Water volumes obtained using this approach can be easily observed by personnel who lack highly specialized training in the analysis of raw data. The results of this study are promising and can help develop techniques to validate nondestructive models for the identification, distribution, and prediction of water leaks in water supply systems using GPR.
(), and Cataldo et al. () . These works are promising with respect to GPR usage in WSS leak detection. However, all of these works are based on the location and interpretation of the hyperbolae generated either in raw or preprocessed images. In this sense, we evaluate the viability of applying a pre-processing GPR image methodology that the authors term 'agent race' (Ayala-Cabrera et al. a) .
With this approach, we aim to eliminate image contrast requirements, as used in Ayala-Cabrera et al. () , and follow the evolution of a water leak from GPR images -so that the contrast can be revealed using the information from events registered in GPR images based on the same data set. If this approach is possible, then the application of GPR in uncontrolled soil conditions and without contrast could give significantly improved images. Other interesting work shows support for this line of research: with nondestructive methods for plume dispersion of contaminants (Moradi et al. ) in the case of geophysical methods for delineating plumes caused by oil contamination through soil and groundwater. Pollution plume evaluation in an urban environment is also addressed in Vaudelet et al. () . Knowledge obtained with the methodology described in this paper may provide basic know-how for other engineering fields in such areas as fluid dispersion through subsoil, infrastructure risks associated with water leaks, and wet bulb distribution for irrigated areas.
This document has been organized as follows: the first section contains a brief introduction of the tasks performed.
The general approach along with the difficulties and benefits is presented in the 'Overall approach' section. The third section presents a case study and survey characteristics. The approach used to interpret and classify the objects obtained by the GPR images is presented in the fourth section. The fifth section gathers the resulting interpretation and classification analysis. The paper ends with conclusions.
OVERALL APPROACH
A 3D model representation of leaks in WSSs is of great interest. For example, a 3D representation of a laboratorysimulated water leak can be observed in Tavera (). In this work, Kirchhoff migration and the Hilbert transform were used as pre-processing methods. Although this work is promising, it only presents the leak in a partial manner and based on obtaining the first hyperbolae. In contrast, we assess the feasibility of extracting contours, providing information beyond the first hyperbolae, and enabling more robust 3D representations that show the development of the phenomenon over time.
The most important benefits of 3D representation include a clear visualization of the studied phenomenon; support for feasibility studies of hydraulic behavior in WSSs; and, finally, support for technical WSS managementsuch as maintenance, rehabilitation, and general decisionmaking.
The difficulties associated with this study are related to the GPR images from which data were extracted. The first drawback was the absence of clear protocols for performing image interpretations when there is excessive noise in the images -such as radio-waves, mobiles, and electrical sources (Brito-Schimmel & Carreras ) -which cause deformation in the response from the buried objects and made the task of identification harder. This means that interpretation becomes more subjective. Consequently, algorithms were developed that enabled automatic 3D leak modeling and so avoided subjectivity.
CASE STUDY: THE LAYOUT FOR THE LABORATORY TESTS
We describe in this section the layout of the laboratory tests 
INTERPRETATION AND CLASSIFICATION OF THE GPR PROFILES
The proposed approach to extract contours of the GPR images is presented in this section. The process follows Specifically, the process is simulated by a race between agents, as explained below. The algorithm input in our case is the radargram resulting from the GPR prospection, consisting of the m × n matrix, MB. The GPR prospection generated consists of n traces, which were employed as parallel tracks to be walked by the n agents. The race is an endurance test for the competing agents, the prize for each agent being a movement step for each effort per- The contours obtained in this process will serve in future research to train intelligent data classification systems that can automatically detect contours. This can be achieved by using shape characteristics (such as eccentricity and orientation) and system parameters (such as pressure, water volume, and soil humidity) and the final objective is to validate or generate models that facilitate an improved understanding of the phenomenon.
The aim is to improve the visualization in subsequent extraction and classification of contours.
ANALYSIS OF RESULTS
In this section, the obtained results are presented after the GPR image interpretation and classification process. It must be mentioned that although the selected contours do not cover the total leakage area, a considerable part of this area is effectively selected. This means that the obtained results show some deformation and are not fully accurate.
Nevertheless, these results give relevant information about the represented phenomenon. We also claim that, with some improvements, complete information could be automatically extracted. The obtained results of the process of interpretation and extraction of contours are shown in Figure 3 . Figure 3 shows that times corresponding to Stage 2 (t1 and t2) in the slices from A through C do not present a significant difference, which is coherent with the survey plan when considering that this is the pipe-filling stage. From Stage 3 (t3 through t9), the pipe has reached its maximum volume and starts leaking; it is just after t3 that the slices start to demark the zone being filled with leaked water. It is observed that from t3, in slices A and B, the extracted contours present a similar form. For slice C the first demarcating contour appears at t4. The difference between the extracted contours lies in the difference in zone growth and in ascending contour displacement, caused by the volume increase and rising water.
In slice D, the results corresponding to the transversal slice for the pipe over the leak spot are shown. For Stage 2, in t1 and t2, it is observed that it is possible to extract the pipe zone in the filling process, in contrast to the previous slices (slices A through C). The pipe is demarked by a hyperbola and this is observed in all the images; the contours are fully (t1 and t2) or partially (t3 through t9) enhancing the pipe (zone within the hyperbola) and leaked water (remaining zone). In Stage 3, the selected zone set grows and takes the main role in the image, enabling the water action to be seen once it is out of the pipe.
The variation of the forms in the various images shows that it is possible to obtain (to some extent) the path of the water as it leaks from the pipe. While the results are not accurate and reveal some deformation, it is also true that they can be calibrated to establish a model of leaked water for each type of breakage, and relate the leak to the pressure and flow values in the system. Similarly, a more complete study with different soil types could serve to identify the type of propagation and model the plume dispersion.
With the objective of better understanding the presented phenomenon in Figure 3 , Figure 4 shows the results obtained in 3D representations to improve visualization. non-destructive methods (GPR in our case) in water leak detection from buried pipes to reconstruct the stages of the leak and show how water is dissipated underground. Since this work shows that it is possible to obtain the wet area contours, from which more complex studies can be made, it is also possible to determine the volume of wet soil, and the volume change over time. From this perspective, we conclude that the obtained contours of this study contribute information beyond the initial hyperbolae study that some previous works rely on. This approach favors the generation of more accurate models in terms of reproduction or detection of leaks and is also a step towards a possible automatic process in the future.
In addition, the application of pre-processing to the GPR images enables the image data to reveal more information based exclusively on these data (that is to say, with no reference or contrast images) and so improves visualization. This brings us closer to an automatic detection and location of these abnormalities. The work performed has shown the feasibility of generating 3D models that are easily interpreted by personnel who are not highly qualified in the use of GPR, enhancing the understanding of the phenomenon.
